Abstract-Long-standing pulmonary hypertension causes significant peripheral and proximal arterial remodeling and right ventricular dysfunction. The clinical metric most often used to assess the progression of PH is the pulmonary vascular resistance (PVR). However, even when measured from multipoint pressure-flow curves, PVR provides information only on the peripheral arterial function, not the proximal arterial function and gives only an incomplete description of all the forces that oppose right ventricular (RV) flow output. Pulmonary vascular impedance spectra (PVZ) capture the impact of proximal and peripheral arterial structure and function on RV function. Analyses of ventricular-vascular coupling give insight into the efficiency of mechanical and metabolic interactions between the right ventricle and the pulmonary vasculature. Here we review techniques for measuring PVZ in humans and animal models and for determining RV function.
I. INTRODUCTION
P ulmonary hypertension is defined by a mean pulmonary artery pressure (PAP) greater than 25 mmHg at rest [1] . In the subset of pulmonary hypertension cases termed pulmonary arterial hypertension (PAH), these high pressures are caused by narrowing of the small, peripheral pulmonary arteries that control pulmonary vascular resistance (PVR). When the larger arteries of the pulmonary circulation are exposed to high pressures for long times, they too transform to become thicker and less compliant. Together, these changes pulmonary vascular resistance and compliance significantly impair right ventricular (RV) function and cause RV failure [1] .
In comparison to the systemic circulation, the pulmonary circulation is highly pulsatile. That is, the ratio of pulse pressure over mean pressure in the pulmonary artery is about one, whereas in the aorta, pulse pressure is about 40% of mean pressure; instantaneous flow varies from a maximum at mid-systole to around zero in diastole. As a consequence, the ratio of pulsatile ventricular work to total (steady plus pulsatile) ventricular work is ~25%, ~2.5-fold more than in the systemic circulation [2] . Thus, any useful measures of pulmonary vascular and right ventricular function must take into account the pulsatile nature of flow and pressure. In addition, measures of right ventricular function must take into account the dynamic interactions between the ventricle and vasculature.
The pulmonary vascular impedance spectrum (PVZ) is a complex, frequency-dependent function of pulsatile pulmonary pressure and flow that is sensitive to changes in proximal, intermediate and peripheral arterial resistance and compliance. Thus, it is a comprehensive measure of pulmonary vascular function. In addition the impedance is the dynamic right ventricular afterload; as such, some have suggested that it is a superior predictor of RV failure in PAH compared to PVR [3] .
There are many techniques available to assess RV function but only a few are based on hemodynamics and energy requirements. Here we review techniques for measuring RV afterload (i.e., PVZ) in humans and animal models, and for quantifying the RV function in terms of required pressure and flow output and the dynamics of interaction between the ventricle and the vasculature.
II. PULMONARY VASCULAR IMPEDANCE
A. Definition PVZ is a measure of opposition to pulsatile flow in the pulmonary circulation. PVZ spectra have a magnitude (Z) and a phase (Θ), each of which are functions of frequency (Figure 1) . Typically, Fourier series analysis is used to calculate PVZ from pressure and flow waves measured at a single location in the circulation in response to the native heart beat.
Fourier analysis is possible because the pulmonary circulation behaves nearly linearly. That is, a purely sinusoidal flow oscillation produces a sinusoidal pressure oscillation of the same frequency but with a phase shift.
To calculate PVZ, pressure and flow waves generated by the right ventricle are decomposed into mean values and a series of harmonic (sine) waves at multiples of the heart rate frequency [2] . For example, if the heart rate is 60 bpm (i.e.,
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Naomi C. Chesler, Alejandro Roldan, Rebecca R. Vanderpool and Robert Naeije 1 Hz), the 1 st through 10 th harmonics occur at frequencies 1 Hz through 10 Hz. Alternatively, in an isolated lung setup, one can impose pulsatile flow at a range of frequencies with a mechanical pump as pioneered by Caro and McDonald [4] . In either case, the impedance magnitude Z is the modulus of the pressure divided by the modulus of the flow at a given frequency. The impedance phase Θ is the phase delay between pressure and flow waves at a given frequency.
Unlike PVR, PVZ cannot be expressed as a single number; a graphical display is required to show the impedance magnitude and phase as functions of frequency. In healthy humans, impedance falls steeply from a relatively high value at 0 Hz to a first minimum at 2-4 Hz, followed by a second maximum at 6-8 Hz with smaller fluctuations at higher frequencies. At low frequencies, the phase angle is negative, indicating that flow leads pressure; at higher frequencies the phase hovers around zero [2] (Figure 1 ). In patients with PAH, the impedance magnitude is higher at all frequencies but most dramatically at the fundamental (0 th ) and lower order harmonics; also, impedance phase typically becomes more negative in patients with PAH ( Figure 1 ) [5] . Representative healthy and diseased (PAH) pulmonary input impedance spectra in adult humans [5] .
PVZ magnitude at zero Hz (Z 0 ) is the ratio of mean pressure to mean flow, which corresponds to PVR. At high frequencies when the magnitude of PVZ is relatively constant and the phase is near zero, it can often be safely assumed that wave reflections are negligible. In this case PVZ magnitude is termed characteristic impedance (Z C ), which reflects the ratio of inertial effects to compliance effects in the large, conduit arteries.
Because impedance is sensitive to blood flow pulsatility, the normal heart rate (HR) is an important parameter. In particular, the normal heart rate determines the way in which we interpret changes in impedance. In general, the low frequency behavior of the impedance is determined by the resistance vessels, the mid-range frequency behavior is determined by intermediate vessels and the high frequency behavior is determined by the vessels most proximal to the point of measure. For example, in the aorta, the input impedance is determined by the peripheral vasculature for frequencies <0.2 HR, the intermediate arterial network (i.e., the total arterial compliance) for 0.2 HR < frequencies <3 HR, and the aorta for frequencies >3 HR [6] . Similar relationships likely exist for the pulmonary vasculature.
B. PVZ measurement in humans
In order to measure PVZ in humans, right heart catheterization is typically required to obtain the transient pulmonary artery pressure synchronized to pulmonary artery flow. High fidelity pressure measurements can be made by catheters with solid state sensors at the tip [7, 8] ; lower fidelity data can be obtained by the fluid-filled catheters that are more commonly used clinically [9, 10] . Similarly, flow can be measured intravascularly with a specialized sensor for flow at the tip of a catheter [7, 8] or extravascularly with ultrasound [9, 10] .
Using these techniques, PVZ has been calculated healthy humans [11] and in patients with pulmonary hypertension secondary to mitral stenosis, congenital cardiac defects, congestive heart failure and COPD, and idiopathic pulmonary arterial hypertension [5, [12] [13] [14] . Generally, PVZ magnitude (including Z 0 and Z C ) increases and the first minima and maxima of impedance magnitude shifts shifted to higher frequencies (Figure 1 ). To date, particular changes in PVZ spectra that are diagnostic of particular diseases, their progression or their effective treatment, have not been identified.
C. PVZ measurement in animal models
PVZ has been measured in large and small animals using in vivo and ex vivo techniques. The in vivo techniques are similar to those used in humans; the ex vivo techniques often employ an isolated lung and a pressure or flow pump that replaces the function of the heart. An advantage of ex vivo, isolated lung measurement of PVZ is that the effects of changes in pulmonary arterial, left atrial and airway pressures, as well as flow rate and HR can be independently investigated. Also, changes in PVZ can be correlated with direct measurements of pulmonary arterial mechanics via isolated vessel experiments, whole lung morphometrics or other techniques.
The choice of animal model not only affects the relevant frequency range for PVZ (because native HR depends inversely on animal size) but can also affect the way in which pathology affects metrics of PVZ. For example, changes in Z C after experimental pulmonary embolization have been shown to differ with species: in dog lungs, Z C decreased after embolization with glass beads and autologous blood clots but in pigs and goats, Z C increased [15] [16] [17] [18] [19] . In mice, we found no significant changes in Z C with microsphere embolization [20] . PVZ is easier to measure accurately in larger animal models but using rodent models the impact of genetically engineered defects on pulmonary vascular function can be determined.
Finally, computer models can be used to gain insight into the changes in pulmonary vascular mechanics responsible for changes in pulmonary vascular impedance. The simplest models are lumped parameter models such as the three-for four-element Windkessel [21, 22] . These models account for PVR and compliance but cannot capture wave reflections. Transmission line models capture wave reflections but typically do not account for the complexity of pulmonary vascular architecture. Fully three-dimensional computational models of pulsatile blood flow in the lung are possible but the computational costs can be daunting [23] . Models also have the advantage that they can be used to predict changes with growth and development and investigate spatially specific structure-function relationships.
III. RIGHT VENTRICULAR FUNCTION
Useful and well established parameters for assessing ventricular function include cardiac output, ejection fraction, end-systolic pressure-volume relation, end-diastolic pressure-volume relation, preload recruitable stroke work, mechanical efficiency, relaxation factor and maximum and minimum dP/dt [24] [25] [26] . However, quantifying ventricular function without attention to pulmonary vascular function ignores the important dependency of ventricular output on arterial impedance.
To understand the dependency of ventricular function on arterial function, the concept of ventricular-vascular coupling was developed by Sagawa and coworkers [26] . In their approach, ventricular end-systolic elastance (E es ) and arterial effective elastance (E a ) are calculated from ventricular pressure-volume loops (Figure 2 ). Pressurevolume loops at different levels of preload are required for this technique, which can be difficult to achieve clinically. Recently, the so-called single beat method was developed to enable calculation of E es and E a from only RV and pulmonary artery pressure waveforms [27] .
E es provides insight into the ventricular function, E a provides insight into vascular function, and their ratio measures the efficiency of ventricular-vascular hemodynamic interactions [28, 29] . When the ventricle and vasculature are efficiently coupled, minimal energy is wasted in the pulse pressure and maximal energy is transmitted in the mean pressure [30] . In this case, the ventricle operates at a maximum efficiency and submaximal stroke work such that E es /E a > 1.5. By contrast, for a poorly performing ventricle or high impedance vasculature, energy may be wasted through a variety of mechanisms including overly rapid pulse wave reflections as occur with age [31, 32] increased arteriolar resistance as occurs in hypertension [33] , and ventricular dilation as occurs with heart failure [33] . In these cases, E es /E a < 1 and ventricular-vascular uncoupling occurs [34, 35] . 
IV. CONCLUSION
Pulmonary vascular resistance is well known to increase with pulmonary arterial hypertension, but prolonged periods of high pressure may also decrease pulmonary vascular compliance. Thus, measures such as PVZ that capture changes in both resistance and compliance are critical to understanding changes in pulmonary vascular function. Right ventricular function is also dynamic; nearly 25% of total work required of the right ventricle goes into creating the pulmonary artery pulse pressure. The concept of ventricular-vascular coupling efficiency is a useful tool for understanding dynamic right ventricular function and impairments in function that are caused by ventricular and/or vascular disease. 
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